The aims of this study were: (i) the mapping of asbestos cement roofs in an urban area; and (ii) the development of a spectral index related to the roof weathering status. Aerial images were collected through the Multispectral Infrared and Visible Imaging Spectrometer (MIVIS) sensor, which acquires data in 102 channels from the visible to the thermal infrared spectral range. An image based supervised classification was performed using the Spectral Angle Mapper (SAM) algorithm. The SAM was trained through a set of pixels selected on roofs of different materials. The map showed an average producer's accuracy (PA) of 86% and a user's accuracy (UA) of 89% for the asbestos cement class. A novel spectral index, the "Index of Surface Deterioration" (ISD), was defined based on measurements collected with a portable spectroradiometer on asbestos cement roofs that were characterized by different weathering statuses. The ISD was then calculated on the MIVIS images, allowing the distinction of two weathering classes (i.e., high and low). The asbestos cement map was handled in a Geographic Information System (GIS) in order to supply the municipalities with the cadastral references of each property having an asbestos cement roof. This tool can be purposed for municipalities as an aid to prioritize asbestos removal, based on roof weathering status.
Introduction
The term "asbestos" is used to refer to a group of fibrous silicate minerals. Regulation is limited to six of these minerals, which only partially account for the existing, naturally-occurring fibers [1] . Among these regulated minerals, chrysotile is part of the serpentines, while actinolite, amosite, anthopyllite, crocidolite and tremolite are part of the amphiboles. All of them are classified as "carcinogenic to humans" by the International Agency for Research on Cancer.
The hazard of asbestos is due to the fibers that are released into the environment and therefore inhalable. In case of asbestos cement (AC) roofs, the release is mainly due to weathering (i.e., rain, ice and wind). Several studies demonstrated that exposure to asbestos fibers causes mesothelioma and lung as well as larynx and ovarian cancers [2] [3] [4] [5] , and concluded that no safe level of exposure is predictable [6] .
Between the 1970s and the 1990s in Europe, asbestos was largely used in both industrial and domestic contexts, due to its physical and chemical resistance as well as its heat and acoustical insulation properties. Its use was very common for pipes, floor tiles, textiles, and also roofing material in the form of AC. Asbestos is still present worldwide, although an increasing number of countries have already banned it. At the European level the use and marketing of asbestos have been banned since 1 January 2005. In Italy, its production and use were prohibited with the national law "257/92"; however, older buildings containing asbestos remain widespread and constitute a continuous source of asbestos emission, unless it is removed or encapsulated. In Lombardia Region-where the study area is located-the national law was implemented with the regional law "17/2003", which led to the development of the 2006 regional plan (i.e., PRAL) for removing asbestos by 2016. For the first time, the PRAL required municipalities to perform the census of asbestos materials with the aid of citizen self-declarations. Among the required information (e.g., building type, year the roof was laid, location, quantity, planned restoration interventions) the year the roof was laid plays an important role for the roof deterioration assessment, since older roofs are more likely to be weathered. As a matter of fact, in 2008, the year the roof was laid was introduced in the regional law as variable for the definition of the AC roof conservation status (i.e., Decreto Direzione Generale Sanità "13237/2008"). However, the census is affected by a high degree of uncertainty, due to inspection difficulties by the local authorities and/or omissions in self-declarations. Remote sensing can help in overcoming these omissions by providing maps of AC used as roofing material. Aerial remote sensing techniques have been successfully applied in the recent past for asbestos mapping purposes [7] [8] [9] [10] [11] . To the best of our knowledge, only one study [12] deals with the assessment of AC deterioration through spectral diagnostic bands. Diagnostic bands related to the percentage of surfacing fibers are located in the shortwave infrared region at 2.32 µm and in the thermal infrared at 9.44 µm. However, a signal to noise ratio (SNR) of 277 is recommended to discriminate the 2.32 µm asbestos absorption feature. This SNR can be achieved in laboratory using field spectrometers, but these requirements are not met by the MIVIS (Multispectral Infrared and Visible Imaging Spectrometer) sensor used in the mentioned study [12] . Moreover, they suggested that the thermal infrared is promising for the asbestos deterioration assessment, although the separation of emissivity and temperature implies some challenging issues. In our study we propose a novel spectral indicator (i.e., ISD, Index of Surface Deterioration) that is not directly related to the surfacing fibers, but rather related to the abundance of mosses and lichens that are reported to be more developed on older and weathered substrata [13] . In particular, we used the absorption feature in the red wavelengths around 0.68 µm that was found to be related to the presence of photosynthetic pigments of mosses and lichens colonizing the roof.
With the ISD calculated using visible and near infrared spectral regions, we attempted to provide a novel and more operative remotely sensed index for defining the roof weathering status, and thus the priorities for AC removal. Although the presence of mosses and lichens may be a barrier to the fiber detachment [13] , we assume that the oldest roofs have a more friable matrix that is more likely to be colonized by the vegetation, and to release fibers from the un-colonized roof portions.
The research project was conducted in five municipalities in Northern Italy (i.e., Monza, Muggiò, Lissone, Seregno, Biassono), spanning an area of about 65 km 2 with a population of about 248,000 inhabitants. An airborne overpass was performed with the MIVIS sensor. Ground measurements were also acquired with a portable field spectroradiometer on selected roofs, having different weathering status. The main objectives of the study can be summarized as follows:
 the mapping of AC roofs;  the association of the AC presence to the cadastre in order to provide the cadastral building references to the municipalities;  the assessment of the weathering status of each AC roof through the definition of a novel operative spectral index (i.e., ISD), which is related to the vegetation component that colonize weathered roofs.
Materials and Methods

Airborne Campaign and Ground Data Acquisition
The airborne survey was performed on 5 July 2013 between 12:30 P.M. and 1:15 P.M. (local time) in order to minimize possible shadow effects. Five MIVIS runs were acquired in the solar principal plane, recording data in 92 channels between the visible and shortwave infrared (0.43-2.50 µm) region and in 10 channels in the thermal infrared (8.20-12.70 µm) region, with an instantaneous field of view of 2 mrad. The images were acquired at 1500 m a.s.l. with a swath of 2847 m, a pixel size of 3 m, and an overlap of 35% between adjacent images. The study area showed in Figure 1 is located in a flat region with an average elevation of 200 m a.s.l.. Ground reflectance spectra were collected contemporarily to the image acquisitions with a portable spectroradiometer (Fieldspec FR, Analytical Spectral Devices Inc., Boulder, CO, USA) on nine selected targets: three calibration tarps (white, grey and black Odyssey material from Kayospruce, Fareham, UK), one bare soil, three asphalt and two grass targets, in order to evaluate the atmospheric correction quality performed on the MIVIS data.
Furthermore, the reflectance of eleven asbestos roof portions, visually differing in their weathering status and with different expositions, was measured from an elevated work platform with the same portable spectroradiometer. This dataset and the qualitative visual inspection performed contemporarily to the reflectance acquisition were used to support the definition of the ISD. 
Image Processing
The geometric correction was performed by the data provider with the definition of ground control points, and resulted in a mean accuracy of 2 pixels (6 m).
The software ATCOR (ATmospheric CORrection) [14] was used for the atmospheric correction of data recorded from the visible to the shortwave infrared spectral interval. Atmospheric properties were set as urban aerosol type, water vapor concentration equal to 2.9 g·cm
and visibility of 10 km. Regarding the thermal data, the brightness temperature was used. The comparison between the reflectance of the reference targets (measured on the ground with the field spectroradiometer) and the reflectance from the aerial images showed an average error of 6.4%. More specifically, the mean difference was 3.2% in the visible, 6.5% in the near infrared and 9.6% in the shortwave infrared. The comparison between the reflectance of corresponding pixels in the overlapping portions of adjacent images showed an average difference lower than 3%, meaning that the atmospheric correction applied to the single runs returned consistent results.
The signal to noise ratio (SNR) was calculated [15] , and bands with SNR lower than 8 were excluded from further data processing. The retained reflectance and temperature bands were then used for the MNF (Minimum Noise Fraction) [16] transformation.
The procedure was applied separately to the bands in the reflected spectral interval (from visible to shortwave infrared), and in the emitted region (thermal infrared), in order to synthetize the main information in a reduced number of MNF components as well as to remove the residual noise in the data. The first 10 MNF components, resulting from reflective bands, and the first 2 MNF components from the thermal bands-accounting for more than 98% of the total variance in the data-were merged into a new image and used for the classification.
The spatial coherency between the MIVIS images and the building shapefile was assessed in order to guarantee a good overlapping of the two layers. The building shapefile was georeferenced on the MIVIS images in ArcMap version 10.1 (ESRI, Redlands, CA, USA) with a mean accuracy of 3 m.
The image processing and classification were performed using ENVI version 5 (Exelis Visual Information Solutions, Boulder, CO, USA).
Classification Procedure and Accuracy Evaluation
The SAM (Spectral Angle Mapper) classification algorithm [17] was applied to the selected MNF components based on promising results obtained in previous studies [8, 10] . The advantage of using this algorithm is that it is not heavily affected by residual variations in scene illumination after correction. The algorithm was trained to classify different materials that are typical of urban areas (i.e., AC, concrete, tiles, aluminum and PVC (vinyl) membrane roofing materials) by using a spectral endmember set defined on the MIVIS images and selecting pure pixels from different roofs. Three spectral endmembers were defined for each material in order to improve the algorithm performances. A value of 0.50 radians was empirically chosen as a threshold for the assignment of classes with a trial and error approach.
The classification accuracy was assessed by computing: (i) the AC producer's accuracy (PA), that refers to the probability that a roof classified by the algorithm as AC, on the ground reference is labeled as such; and (ii) the AC user's accuracy (UA), that refers to the probability that a reference roof labeled as AC belongs to the AC class in the map. For the accuracy assessment, the building polygons of the cadastre shapefile were used. Due to the 3 m spatial resolution of the images, we excluded from the analyses all roofs with an area smaller than 36 m 2 (i.e., 4 pixels). A subset of 1050 roofs was selected through a stratified random sampling on the different classes represented in the classification: 250 AC roofs, 200 concrete roofs, 200 tiled roofs, 200 aluminum and PVC (vinyl) membrane roofs and 200 not classified roofs. The ground truth was assessed for each roof through high resolution orthophoto visual interpretation coupled with MIVIS reflectance spectra analysis.
A second classification was subsequently performed only on those pixels classified as AC in order to improve the UA of the classification. Using a spectral endmember set consisting of asbestos and concrete roofing materials, the SAM algorithm was applied to the reflectance images. The accuracy of the second classification was calculated using the same procedure described above.
Index of Surface Deterioration
A novel spectral index was introduced using visible and near infrared bands in order to provide an operative indicator of roof deterioration related to the presence of mosses and lichens, which are more commonly developed on older and weathered substrata [13] . The spectral index accounts for the absorption of the vegetation photosynthetic pigments and for the AC color, generally darker in case of weathered roofs. The spectral index is formulated as follows:
In more detail, CR0.68 is the value of the continuum-removed reflectance at 0.68 µm-the MIVIS band closest to the chlorophyll absorption peak (0.60-0.70 µm) [18] -and R0.74 is the reflectance at 0.74 µm, accounting for the cement matrix brightness level. The continuum removal is a method used to quantify the absorption features at specific wavelengths, normalizing the reflectance spectra to a common baseline [19] . A continuum removal is applied, approximating the continuum by the connection of local spectral maxima through straight-line segments. In this approximation a value of 1 is assigned to the local maxima, and a value between 0 and 1 is obtained in correspondence of the absorption features. We interpolated the reflectance of the MIVIS bands centered at 0.60 and 0.74 µm to build the continuum baseline and compute the depth of the chlorophyll absorption feature at 0.68 µm.
The ISD was calculated on the AC roofs classified by the SAM algorithm. An ANOVA statistical analysis was performed to test, at the image level, the hypothesis that the ISD is related to the AC deterioration level driven by age and roof exposure, as proved from the field survey and the spectral ground measurements. The average ISD value of sixty roofs randomly selected was considered for the analysis as the dependent variable, while year (i.e., year in which the roof was laid, self-declared by the owners) and exposure (i.e., roof exposure defined from the orthophoto) were considered as main categorical predictors. Regarding the year, the data of the sixty randomly selected roofs were grouped in six classes defined on a 5-year basis: [1985] [1986] [1987] [1988] [1989] . The exposure was represented, for each roof, by two classes: (i) north exposition (i.e., roofs that do not receive direct solar radiation) and (ii) other exposition (i.e., roofs that receive direct radiation during the day). Differences among the average ISD value of each class were assessed by the Fisher Least Significance Difference (LSD) test.
Finally, a threshold was applied to the ISD values to separate two deterioration classes (i.e., high and low) in order to suggest priorities in asbestos removal interventions.
Results and Discussion
Asbestos Cement Spectral Analysis
In Figure 2a two roofs laid in different years (1980 and 1994) are shown as examples of different deterioration and weathering status related to the roof age. For the roof laid in 1980, it was observed that: (i) the matrix color was darker and (ii) the vegetation component was more developed. A darker color and greater vegetation presence were also observed in roofs exposed towards north, compared to roofs with a different exposure. The above-mentioned characteristics affected both the spectral properties acquired with: (i) the portable spectroradiometer operated on the elevated work platform and (ii) the MIVIS sensor. Spectra collected on the ground (resampled on the MIVIS bands) and spectra extracted from the corresponding pixels of the MIVIS images are reported in Figure 2a ,b respectively. Spectra #2 and #5 correspond to the data acquired on the roofs in Figure 2c laid in 1980 and 1994, respectively. It can be observed that, in general, the ground spectra and the MIVIS spectra are similar and both are affected by the year of laying of the roof and its exposition. In more detail, the matrix color affected the reflectance causing variations in the visible and near infrared wavelengths with a lower brightness in case of older roofs (i.e., spectra #3: pre 1980, #4: 1980, #5: 1994). The vegetation presence caused an absorption in the red wavelengths, as it can be observed especially in spectrum #2 in Figure 2a ,b. Moreover, the exposition affected the spectra as well (i.e., spectra #1: south, #2: north, #3 flat): north exposed roofs show lower brightness and higher absorption in the red wavelengths as a result of the darker matrix color and the higher presence of mosses and lichens due to more humid environmental conditions. In order to enhance variations of the absorption feature in the red wavelengths, the continuum removal was calculated in the 0.60-0.74 µm spectral interval. In Figure 3a the continuum-removed reflectance from the ground spectra resampled on the MIVIS bands is shown: the moss and lichen pigment absorptions are enhanced compared to the reflectance signatures in Figure 2b ; old roofs and/or roofs exposed towards north (i.e., spectra #1 to #4) show a higher absorption due to a wider presence of mosses and lichens compared to the roof laid in 1994 (i.e., spectrum #5). Furthermore, the ISD that synthetizes the spectral features of different weathering status of AC roofs, is depicted in Figure 3b : the highest ISD values correspond to the most weathered roofs. 
Asbestos Cement Roof Map and Index of Surface Deterioration Analysis
The roof area classified as AC corresponds to 9% of the total roof area of the five municipalities. The final map was obtained with the SAM algorithm applied in two steps: to the MNF components first and then to the reflectance bands. A view of the classification result is depicted in Figure 5 . The PA and UA were calculated for each image separately (i.e., RUN 2-5) after the first and second classification steps. RUN 2 overlapped with RUN 1 in the urban area, so the assessment was limited to RUN 2, which was used for the final map. Results are reported in Tables 1 and 2 . Details on AC roofs (MIVIS classification and reference data) are reported in order to evidence AC omission and commission within the different classes. Results are consistent between the different images showing similar UA and PA as well as similar AC commission and omission between classes. In particular it is evidenced that AC omission errors mainly occur with not classified roofs, often due to the image spatial resolution (3 m) that is not optimal to map roofs of small and narrow shaped buildings (e.g., garages, sheds). The geometric incoherence between the cadastre and the AC roof map (Root Mean Square Error = 3 m) also explains part of the omission errors. The commission errors are mainly due to other materials, such as PVC (vinyl) membrane and aluminum, materials typically used for the roofs of more recent industrial or commercial buildings. This 2-step procedure allowed the improvement of the PA classification from an average of 75% to an average of 86%, significantly reducing the commission errors.
Asbestos cement (AC) classification line shows the number of roofs correctly classified as AC and the number assigned to classes different from AC (commission errors). AC reference line shows the ground truth assigned to randomly selected roofs through visual assessment of high resolution orthophotos and depicts the omission errors. The accuracy is expressed as producer's accuracy (PA) and user's accuracy (UA). Table 2 .
Step 2: Classification accuracy assessment for RUN 2, 3, 4 and 5.
Step 2 The ISD was calculated, through Equation (1), for each roof classified as AC. In Table 3 the results of the ANOVA analysis performed on sixty roofs, in order to verify the influence of year and exposure on the ISD values, are reported. Both the main categorical predictors, year and exposure, significantly affected the ISD, while exposure over time (year × exposure) did not show any significant influence on the ISD values, hence there is no significant interaction between the two predictors. Their mean values and standard errors are shown in Figure 6 . Year and exposure classes with different letter labels were significantly different according to the Fisher LSD test. The highest ISD values were observed for the oldest roofs and for the roofs exposed towards north. The statistical analysis confirmed the ground observations: ISD from MIVIS is related to AC weathering status and is mainly dependent on age and roof exposition. In order to provide the municipalities with an operative tool to identify roofs with different weathering status, a threshold on the ISD value was defined. The threshold was chosen based on the fact that year 1980 is the discriminant age indicated in the regional law for the definition of the weathering status of roofs. An ISD of 4 discriminated quite well, as depicted by the two normal distributions representing roofs laid before 1980 and roofs laid after 1980 in Figure 7 . Therefore, pixels with ISD equal to or lower than 4 were assigned to the "low deterioration" class and pixels with ISD greater than 4 were assigned to the "high deterioration" class corresponding to low and high removal priority, respectively.
The proposed method of deterioration assessment is not intended to replace traditional methods, which involve the counting of fibers through pull up tests and normally used by authorities according to official protocols. Instead, the method provides-in an expeditious manner-information about the roof weathering status and enables the integration of traditional techniques for the evaluation of the asbestos deterioration level. 
Data Handling in a Geographic Information System
The available vector data (i.e., the cadastre shapefile of each municipality) were overlaid to the raster data (i.e., the AC classification and the ISD map) and further analyzed in ArcMap. The overlapping areas of the AC classification and the building polygons were quantified and the percentage of AC with respect to the whole roof area was calculated. Each building was assigned to the ISD class most represented among the pixels of the roof, as shown in Figure 8 . Based on the ISD class, each roof was finally assigned to either high (ISD > 4) or low (ISD ≤ 4) removal priority. The information related to the AC presence and its weathering status were added to the original building shapefile. The number of buildings with AC roof mapped in the study area was 3170, representing the 8% of the total number of buildings. Among the roofs mapped as AC, 1263 were classified as high removal priority (40%) and 1907 as low removal priority (60%).
Conclusions
This study demonstrated the potential of using hyperspectral remote sensing data for identifying AC roofs with an image based supervised classification using the Spectral Angle Mapper (SAM) algorithm. The AC roofs were identified with a user's accuracy of 86% and a producer's accuracy of 89%. A novel index has been proposed to identify roofs characterized by a different weathering status to suggest different priority-levels for removal interventions. According to the ISD, 40% of the asbestos roofs were classified as high removal priority. The involved municipalities may integrate this information with additional criteria such as the population density, the population distribution and the distance from high sensitive targets (e.g., schools and hospitals), in order to plan a removal strategy. The link between the cadastre building polygons, the AC classification and the ISD map allowed identifying the properties which need interventions so that the owners may be informed. These results are noteworthy because, as discussed in the introduction, asbestos fibers are classified as "carcinogenic to humans" by the International Agency for Research on Cancer.
The traditional monitoring of AC presence by local authorities visual inspection would be quite time consuming, especially in wide survey areas, while owner self-declarations may be imprecise or incomplete. This study confirmed that the mapping from remote sensing constitutes a valuable tool for the estimation of the asbestos still present as roofing material; furthermore, it provided, with the ISD, a novel operative criterion for planning the removal interventions.
